Abstract-In electric vehicles, passengers sit very close to an electric system of significant power. The high currents achieved in these vehicles mean that the passengers could be exposed to significant magnetic fields (MFs). One of the electric devices present in the power train are the batteries. In this paper, a methodology to evaluate the MF created by these batteries is presented. First, the MF generated by a single battery is analyzed using finite-elements simulations. Results are compared with laboratory measurements, which are taken from a real battery, to validate the model. After this, the MF created by a complete battery pack is estimated, and results are discussed.
Passenger Exposure to Magnetic Fields due to the Batteries of an Electric Vehicle
I. INTRODUCTION
T HE effects of electromagnetic fields (EMFs) on human health have been investigated for decades [1] - [3] . Several studies have tried to prove the relationship between long-term exposure to EMFs and different health pathologies without totally succeeding. The consequences of a long-term exposure to low-frequency EMFs are very difficult to evaluate due to the uncertainty inherent in the scientific data. On the other hand, there is enough scientific basis to state that exposure to low-frequency electric fields may cause well-defined biological responses and physiological effects [4] .
In this context, some countries adopted a regulatory framework based on prevention criteria or guidelines developed by different institutions. These recommended exposure limits to EMFs are high when compared with most usual field values existing in domestic and work environments.
With the recent developments in hybrid vehicles and electric vehicles (EVs), the evaluation of the electromagnetic envi-ronment in the interior of these vehicles becomes necessary [5] - [8] . EVs have an electric system of significant power, consisting of batteries, power converters, and electric motors (in addition to all the connecting wires). In most current EV designs, some of the components are located very close to the passengers (for instance, it is usual to place the battery pack as far as possible from the bodywork to minimize the risk of battery damage and its consequences in case of a crash; this implies positioning them just under or behind the passenger seats [9] ). Consequently, there might be hundreds of amperes circulating a few centimeters away from the occupants of the EV during accelerations or deep regenerative braking.
EMFs in hybrid vehicles and EVs have been recently analyzed from the electromagnetic compatibility point of view [10] - [13] . In [11] , focuses on the batteries and the dc/dc converter are the focus, akin to the scope of this paper. Similarly, there are a few recent studies regarding EMFs and health issues in hybrid vehicles and EVs [5] - [8] , [14] - [17] . Most of these studies are based on real in-vehicle measurements (some of them under dynamic driving conditions), whereas others use numeric simulation. For instance, [7] and [8] present results for 11 conventional and electric vehicles and ten conventional and hybrid vehicles, respectively. On the other hand, finite-element simulations are used in [15] - [17] to analyze the magnetic field (MF) threat and to assess the effectiveness of certain mitigation measures (power devices positioning and magnetic shielding).
Traction batteries are potentially one of the main MF sources within an EV. Although they work with dc current in steady state, current transients due to dynamic driving and current ripple caused by the power converter commutations will undoubtedly generate time-varying MFs around the batteries. Moreover, batteries are usually very close to the passengers, and there are many of them within each EV. Because of all the aforementioned reasons, batteries might be equally or even more significant to total in-vehicle exposure than other field sources.
The study presented in this paper was conceived to analyze and quantify the MF generated by the traction batteries of an EV, in an attempt to investigate the possible MF exposure due to them and to help understand some properties of this field.
II. EXPOSURE LIMITS TO ELECTROMAGNETIC FIELDS
The most extended criteria for recommended exposure limit to EMFs were first proposed by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [3] . Concerning static and low-frequency MFs (1 Hz to 100 kHz), special revised guidelines were published in 2009 and 2010 [4] , [18] 0018-9545 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. in an attempt to include the results of the main scientific publications up to those years. In summary, ICNIRP's reference level for static MFs is 400 mT for general public (EV passengers included) [18] . Concerning time-variant fields, reference levels to EMFs for general public are given in Table I [4] . As stated in [7] , it is considered that if the exposure environment complies with the field reference levels, then it can be assumed that the exposure limits, which are given in terms of in-body quantities, will not be breached. It is also important to clarify that these guidelines are not legally mandatory and that they become legally binding only if a country incorporates them into its own legislation [19] .
III. FINITE-ELEMENT SIMULATION MODEL
In a first step, a 3-D finite-element model (FEM) was developed to calculate the MF induced by an EV battery module. Once validated, this FEM would allow for the estimation of the MF generated by any battery pack (of a given battery model), regardless of the number of modules and their physical distribution.
A model as generic as possible is always desirable, so that it may be used for many different battery models. However, a specific FEM had to be built in this case for the sake of precision, since the battery geometry plays an important role concerning MFs. The only way to accurately model where the current flows through is to consider a particular battery geometry and its current paths.
The modeled battery is the NHE 10-100 module from SAFT, with a nominal voltage of 12 V, a rated capacity of 100 Ah at C/3, and a maximum output current of 300 A. Applications for this module include all-electric vehicles.
A. Model Description
As the circulating currents are the only producers of MF inside the battery, the elements considered were the following: 1) the cells inside the battery (ten in this case), each one consisting a blue rectangular parallel pipe with two upper terminals, which are colored in red and black in Fig. 1 ; 2) two vertical cylinders that lengthen the cell terminals along each cell, also in red and black in Fig. 1 . The purpose of these cylinders, which are not present in the real battery, is to emulate how the current distributes within a cell, as explained later here; 3) the metal splints joining the positive terminal of each cell with the negative terminal of the next cell (in green); 4) an external yellow wire (25 mm 2 ) short-circuiting the battery. This wire is modeled so that its shape is similar to the real wires used during the laboratory tests; 5) a box representing the external dimensions of the battery, only for illustration purposes.
To simplify the calculations, the following consideration was made concerning the geometry and materials of the FEM. 1 In the NiMH battery, the current inside each cell is considered to flow as depicted in Fig. 2 (discharge mode): The current enters the cell through the negative terminal and goes to the negative electrodes, composed of hydrogen ions stored in a metal hydride structure (colored in black in Fig. 2 ). From there, the current flows through the electrolyte to reach the positive electrode, which are nickel hydroxide plates (depicted in red in Fig. 2 ).
Modeling all these metallic plates (several plates per cell, ten cells per battery) is computationally prohibitive in a 3-D FEM and breaks the purpose of the simulation tool. To simplify the FEM, the current flow in the y-axis direction is neglected based on the following considerations.
1) The distance γ that the current travels in the y-axis direction (i.e., the separation between electrodes) is considerably shorter than the distance χ traveled in the x-axis direction (i.e., the length of the electrodes).
2) The distance γ is negligible when compared with the distance from the battery to the passengers. 3) Within the same cell, the current flows in both the y-axis positive and negative directions, thus cancelling out the MFs generated by each of them. On the contrary, the current flows either in the x-axis positive or negative direction in a given cell.
Therefore, the electrodes plates in the real battery may be substituted by a solid conductor (i.e., an "emulated electrolyte," colored in blue in Fig. 1) .
To make the current flow through different heights within the cell, the cell terminals need to be lengthened in the negative z-axis direction. Otherwise, the current would flow directly from one terminal to the other, without traveling through most of the cell. In addition, the ratio between the electrical conductivity of the terminal material σ T (S/m) and the emulated electrolyte material σ E needs to be chosen carefully to achieve a proper current distribution within the cell, as shown in Fig. 3(b) . In this particular case, copper (σ T = 58 · 10 6 ) was used for the terminals, the metal splints, and the external wire, whereas a generic fluid with σ E = σ T /10 6 = 58 was used for the emulated electrolyte. This value is actually close to the real NiMH electrolyte conductivity, which is typically a solution of KOH (22%, d = 1.2 g/cm
3 ) containing some LiOH (8-20 g/l), which is in the range of 10-50 S/m [20] . The FEM has one single current loop, consisting of the external wire and the cells and their terminals. For all the simulations presented hereafter, the circulating current is in the form of
where triangle(t, T SW ) is a triangle wave of amplitude ±1 A and period
wheref SW is the switching frequency of the power electronics converter drawing/injecting current from/to the batteries. This current waveform, along with the real battery current measured in the laboratory tests, is depicted in Fig. 4 .
B. Simulation Results
Several transient simulations were run with different values of the parameters I DC , I AC , and f SW (see Table II ). All the simulations had the geometry, materials, and mesh in common, the only difference being the current.
Simulation results for all the aforementioned cases are shown in the following, along with measurement results.
IV. LABORATORY MEASUREMENTS

A. Measurement Procedure
Laboratory measurements were taken on a single NiMH battery module. Both dc and ac (RMS) MFs were measured by means of two MF meters (F.W. Bell 5170 for dc and Combinova MFM10 for ac).
The laboratory setup, which is described in detail in [21] , consisted of four battery modules connected in series to a full-bridge bidirectional multiphase (interleaved) dc/dc power converter [22] , [23] . The dc/dc converter control strategy was responsible for imposing the battery current I BAT , regardless the battery and dc-link voltages, while protecting the battery from overcurrent, overcharge and overdischarge. One of the four battery modules was physically distanced from the rest to isolate it from the MF point of view. Unlike in the FEM, the external wire could not be completely removed in this case, although the pair of wires connecting this module to the rest were tied up together to minimize the MF created by them, as shown in Fig. 5 .
Measurements were taken considering different distances and different working points of the batteries. Three axes were taken into account: X−, Y−, and Z+.
As in [15] , a small offset was subtracted to the measured values to correct the background residual MF. Similarly, a position-dependent calibration factor was applied to the measurements to compensate both the spatial averaging due to the size of the sensors and the reduced coupling that exists when measuring a local source. Fig. 6 shows both the simulated and measured values of both the ac and dc MFs for axes X−, Y−, and Z+, as a function of the switching frequency (ac measurements) and the current level (dc measurements). Note that no distinction is made concerning the sign of the current, because the differences found between charging and discharging were not statistically significant. In this sense, it is concluded that the MF created by the battery is the same during charge and during discharge.
B. Comparison of Measurement Results With Simulation Results
The agreement between simulations and measurements is sufficiently good, the largest absolute deviation being less than 1.2 and 19 μT for ac and dc, respectively. Relative error is not that important in this case because the aim of the study is to compare these results to the exposure limits recommended by ICNIRP [4] , which is done in the following. Therefore, the proposed simulation methodology is considered valid to make estimations of the MF environment generated by a given battery pack under varied working conditions.
V. EVALUATION OF THE RESULTS
A. Single Battery Module Analysis
Here, the MF created by the battery module is compared with ICNIRP's reference levels for different currents and switching frequencies. To establish a comparison, it is considered that the battery is placed inside the vehicle so that the closest passenger will be at 20 cm in the Z+ direction (worst-case scenario). This short distance between a battery and a passenger is only possible if the battery is just below the seat in which the passenger is sitting. Therefore, Z will be the only axis considered from now on.
1) Magnetic Field Analytical Approximation:
Despite its relative simplicity, the 3-D FEM could be too time consuming to be considered a good estimation tool. Therefore, an analytical model is desirable, at least when linearity exits between the MF magnitude and the current level (dc case) or the switching frequency (ac case).
A curve-fitting tool may be used to derive analytical expressions in the form of reciprocal power equations such as
for the simulation results depicted in Fig. 6 (c) and (f), resulting in
For reasons explained later in this paper, an additional simulation was performed at 5 kHz, obtaining Fig. 7 shows the fitness of the analytical approximation for the three switching frequencies taken into account.
All the five equations have a similar exponent K 2 , which means that the MF attenuates with the distance to the battery at the same rate in all cases. Regarding dc MF, coefficient K 1 shows that there is linearity between the MF magnitude and the current level I DC (as expected). Consequently, (4a) and (4b) may be further generalized as follows:
However, in the case of ac, there is no linearity between the MF magnitude and the switching frequency f SW . This fact is due to the nonlinearity between f SW and the current ripple I AC , which is illustrated in Fig. 8 . Therefore, (4c) and (4d) and (5) can be also generalized just by using an analytical approximation of that nonlinear relationship (see dashed line in Fig. 8), i.e., which yields (under the assumption of lineal dependence of the MF with the current ripple, i.e., quasi-static approximation of Maxwell's equations)
where B is in microteslas, z is in meters, f SW is in kilohertz, and K 5 is 0.0251.
2) Magnetic Field Generated by a Single EV Battery:
In an instant of strong acceleration of the vehicle, battery current can reach levels as high as 3C (300 A for this particular battery). In such a case, a single module would create a temporary dc MF of up to 105.9 μT, according to (6) . This value is far below ICNIRP's reference level for static MF exposure (400 mT for general public and down to 500 μT for particularly sensitive public, such as individuals with medical implants).
However, this dc MF must not be considered as a timeinvariant MF due to its transitory nature. In an EV application, current peaks may have a time constant as short as 1 s or even less [24] , which means that the corresponding MF should actually be analyzed as a multiple-frequency nonsinusoidal exposure [4] , [25] . To do so without adopting unnecessarily conservative assumptions, the method presented in [26] is suggested by ICNIRP. A good example of such an analysis can be found in [17] , in which a 50-s time-varying broadband field exposure (corresponding to a real EV driving profile) is reconstructed via an inverse Fourier transform to accurately take additive effects into account.
As this paper deals only with steady-state currents (both simulations and measurements were done in this situation), it is beyond the scope of this work to perform such an analysis. Therefore, only steady-state harmonics are considered here as well. The results corresponding to this "transient dc" component are depicted in Fig. 9 (in which simulation results are compared with ICNIRP's reference values) as a sinusoidal MF exposure of frequency up to 2 Hz, just as a reminder of this fact.
As for the ac MF, the higher the switching frequency f SW , the lower the MF magnitude, but the lower ICNIRP's reference level as well. This means that a detailed analysis is required in this case.
Given that a battery dc/dc converter would rarely have a switching frequency below 1 kHz [27] , and considering that ICNIRP's level between 3 kHz and 10 MHz is constant and equal to 27 μT, three frequency values have been simulated, namely, 1, 2, and 5 kHz, the first two being validated by laboratory measurements, and (8) has been derived. This equation can be used to compare the MF generated by one battery (Z+ direction, 20 cm) with ICNIRP's reference levels to calculate the worst operating point in terms of switching frequency, as illustrated in Fig. 10 (harmonic components neglected) . Equation (8) may be also used to calculate the MF generated by a single battery module as a function of the operating point (current and switching frequency), as depicted in Fig. 9 .
The results presented in both Figs. 9 and 10 suggest that choosing a different switching frequency f SW may have an important impact in the assessment of the MF exposure due to the batteries, the dc/dc converter, and the wires connecting them. Given the nonlinear relationship between f SW and the MF and the non linear relationship between the field frequency and ICNIRP's levels, it is clear that some values of f SW will be more advantageous than others. As this value determines the harmonic components of the current frequency spectrum, one must consider the aforementioned multiple-frequency approach to properly optimize switching frequency in terms of MF exposure.
B. Battery Pack Analysis
Here, a certain hypothetical EV with a specific battery pack is analyzed from the MF point of view. This pack, shown in Each of these modules is modeled in accordance with the analytic model represented by (6) and (8), assuming that they are valid for any off-axis direction (it is actually derived for the Z+ direction in which the MF reaches highest values), and considering the distance from each of the modules to the closest body parts of the closest passenger. The short distances involved mean that the distribution of the MF is nonuniform. Therefore, the maximum MF value in the position of space occupied by that passenger's body is considered, which results in a safe, albeit very conservative, exposure assessment. In this sense, MF is calculated in two different points; both of them are shown in Fig. 11 .
To calculate the total MF in those two points, superposition principle is applied, so that the contributions of all the modules are algebraically summed, i.e.,
Obviously, given the vector nature of the MF, (9) yields an upper bound of the total field (again, worst case scenario).
Under all these assumptions, which are summarized in Table III for convenience, the MF is calculated in the two aforementioned body parts, as well as for the same four frequencies as previously. Results are shown in Fig. 9 for the most critical body part, which, for this particular EV, is the seat. It can be seen that, despite the conservative assumptions, the MF generated by this specific battery pack is still below ICNIRP's levels.
C. Considerations Regarding Fast Charge
This section has focused hitherto in those situations in which the passengers are sitting inside the EV while driving it, which means that peak battery currents are reached during strong accelerations. Power peaks corresponding to deep regenerative braking [28] are usually lower.
On the contrary, fast charging situations yield charge currents of 2C or even more [29] , with higher C rates available every One could think that no passengers will be inside the EV while charging, but it is also true that the faster the charging, the more likely some of the passengers will remain inside.
In this sense, both strong accelerations and fast charging should be regarded as the two most hazardous situations from the MF point of view.
D. Other Field Sources Within the Vehicle and Other Factors That Influence Exposure
So far in this work, only the MF generated by the EV batteries has been considered. However, many other devices within the vehicle act as MF sources, particularly power converters and their wires [6] , [15] . In this sense, it is worth noting here that an EV may be considered safe (from the MF exposure point of view and according to ICNIRP's guidelines) only when the total MF is below ICNIRP's levels. In addition, in situations of simultaneous exposure to fields of different frequencies, these exposures might be additive in their effects, which must be taken into account when assessing MF exposure [4] .
It is also worth mentioning that there are other factors, apart from the aforementioned field sources, that affect onboard MFs. For example, one of the main sources of MF in conventional vehicles is caused by the permanent magnetization of steel belted tires, whose rotating speed determines the fundamental frequency of the corresponding MF (usually up to 15-20 Hz) [7] , [8] . Additionally, vehicle construction such as bodyshell shape, thickness, and materials may have a significant impact on in-vehicle MF levels [16] .
E. MF Inside Other Vehicles
Although the MF values obtained in this study (current harmonics neglected) are below ICNIRP's reference levels, it must be noted that there are many different types of batteries, many possible packs configurations and locations [9] , and many different types of EVs, including electric buses, competition cars, or even airplanes [30] , [31] . In addition, some EVs have hybrid energy storage systems (usually a combination of batteries and supercapacitors) for improved performance [31] , [32] , which means that the MF generated by the latter must be also evaluated. On top of that, it is reasonable to expect that these types of vehicles will grow in power in the following years.
In this sense, it is important to clarify that this work suggests that the MF generated by this particular battery pack, inside this particular EV, should be safe for occupational passengers. However, this result could be very different for other vehicles, or even for this same vehicle when considering the rest of the MF sources.
Consequently, the MFs issue in the interior of EVs should be kept under strict surveillance. Until new scientific evidence is found regarding MF exposure, it should be the vehicle designer's duty to analyze this issue, both by evaluating the MF inside each vehicle model and by taking MF exposure into account when designing. Naturally, in those countries in which there are regulations concerning MF exposure, this duty could become legally mandatory.
In this regard, some design guidelines of electrical nature were presented in [15] , based on the as low as reasonably practicable principle. This principle allows the implementation of protection strategies at an acceptable cost, and it is preferably applied during the first stages of the design process of the vehicle. In those cases in which additional measures were needed to further reduce the MF, magnetic shielding systems, such as those based on ferromagnetic plates, would probably prove useful [33] .
VI. CONCLUSION
Passengers inside an EV could be exposed to MFs of considerable strength when compared with conventional vehicles or to other daily exposures (at home, in the office, in the street, etc.). In this paper, the MF created by the batteries of a particular electric car is evaluated from the human health point of view by means of finite-elements simulations, measurements, and a simple analytical approximation, obtaining an upper bound for the estimated MF generated by a given battery pack. These results have been compared with ICNIRP's recommendations concerning exposure limitation to low-frequency MFs, finding that the field generated by this particular battery pack should be below ICNIRP's field reference levels, and conclusions concerning the influence of the switching frequency have been drawn. Finally, some discussion regarding other field sources within the vehicle and different vehicles designs has been presented. Due to the wide variety of both available EVs and battery stacks configurations, it is recommended that each vehicle model should be individually assessed regarding MF exposure.
